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SUMMARY.

An investigation of the heat transfer from an sirfoll in clear
air and in simulated icing conditions was conducted in the NACA Lewis
B~ by 9-foot icing-research tunnel in order to determine the validity
of heat-transfer date as obteined in the tunnel. This investigation
was made on the same model NACA 65,2-016 airfoil section used in a
previous flight study, under similar heating, icing, and operating
conditions.

The effect of tunnel turbulence, in clear air and in icing,wes
indicated by the forwerd movement of transition from laminar to tur-
bulent heat transfer. An analysis of the flight results showed the
convective heat transfer in iclng to be considerably different from
that measured in clear ailr and only slightly different from thet
obtained in the icing-research tunnel during simulated lcing.

INTRODUCTION

The determination of the heat required for the protection of sir-
craft in icing has been the subject of considersble research by the
NACA for a number of years. For specific aircraft, the heat required
to realize an arbitrary tempersture rise above the free~stream air
temperature of the airplane surfaces that are subject to icing. is
determined in reference 1. The development by Haerdy (reference 2) of
en anslysis of the heat transfer from sm airplane surface during
icing provides a means of computing the heat requirements for speci-
fied icing conditions. The flight tests reported in reference 3 pro-
vide results for limited comditions, which, in general, substantiate
the analysis of Hsrdy.

Icing investigations conducted in flight are difficult to con-
trol and time consuming. An investigation of the heat transfer from
an airfoil in clear air and in icing over a range of controlled condi-
tions was therefore conducted in the NACA Lewls icing-research tunnel.
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A comparison of the heat-transfer results obtained in the ilcing-
research tunnel with those cbtained in flight using the same model
airfoil anhd operating at similasr conditions is presented herein.

DESCRIPTION OF EQUIPMENT

The model used in the tunnel investigation was an NACA 65,2-016
alrfoll section heving an 8-foot chord and a 6-foot span. With minor
modifications required for the tunnel installation, it was the same
model used in a flight Investigation in natural icing conditions and
is fully described in reference 3. The airfoil was vertically mounted
in the tunnel as shown in figure 1. Construction detalls of the
1-foot span electrieally heated test section are given in figure 2.
The 20 groups of heating elements in this area were arranged into
11 electric circuits selected to provide the most flexible chordwise
adjustment of power distribution within the limits of the avallable
facilities. The differences in power readings for heating elements
common to the same cireult—are caused by differences in resistance.
This arrengement permitted a chordwise power distribution similsr to
that employed in the flight investigations.  The heated length of the
test strilp extended to 55 percent of the chord length on the left side
of the airfoll and to 17 percent of the chord length on the right side.

The span of the model was increased from 4.7 to 6 feet for the
tunnel installation. The guard sections sbove and below the test strip
conslisted of 0,125-inch aluminum skin and were heated by woven wire
heating blankets cemented to the lnner surface of the skin. These
blankets were desligned to provide the same heating power distribution
used in the f£flight investigations. The heated length of the guard
sections extended to 17 percent of the chord length on both surfaces
of the ailrfoil.

The temperatures of the external skin and the model interior were
obtained by means of iron-constantan thermocouples and were recorded
by means of self-balancing automatic potentiometers. The installation
and the location of the thermocouples are described in reference 3.

The flow of heat from the electric-resistance heating elements was
determined from wattmeter measurements of the power applied minus all
calculated lead losses determined from messured lesd resistances and
currents. A source of 208-volt, 60-cycle, three-phase salternating
current was supplled to the model through variable sutotransformers.
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The pressure distribution over the surface of the model in the
tunnel was messured by means of flush pressure taps located in the test
strip. The pressures were indicaeted on a multiple-tube manometer and
photographically recorded.

Simulated icing conditions were obtained in the test section of
the tunnel by introducing liquld water into the air stream from eight
NACA air-atomizing nozzles placed in four steam-heated struts located
upstream of the tunnel test section. Initislly the spray system was
placed in the tunnel contraction section approximetely 22 feet upstreanm
of the model. For most of the investigation, the spray nozzles were
located in the low-velocity section of the tunnel with & mixing dis-~
tance from the nozzles to the model of 48 feet (fig. 3). The liquid-
water content of the icing cloud was varied from approximately 0.3 to
1.5 grams per cubic meter by adjusting the nozzle water pressure; the
mean-effective droplet diameter was varied from gbout 8 to 12 microns
by adjusting the nozzle-sir pressure. Liquid-water content, droplet A
slze, and droplet-gize distribution were determined by the rotating o
multicylinder method described in reference 4. The droplet-size dis-
tributions given in table I and defined in reference 4 are arbitrary
size-frequency distributions based on measurements in natural lcing
with the A distribution denoting droplets of a single size,

FROCEDURE

In the initisl phase of this investigation, the velocity distri-
bution over the alrfoil was determined with the airfoil chord line set
at an angle of attack of 0° and over a speed range sufficient to ]
include thet employed in the flight investigation. . T

Prior to the simulated flight investigations in the icing-resesarch
tunnel, a study was made of the effects of the tunnel and the inopera-
tive spray system on the heat transfer from the model. This study was
conducted in clesr air with (l) the spray system removed from the
tunnel air stream, (2) the spray system epproximately 22 feet upstream
of the model, and (5) the spray system 48 feet upstream of the model.
The remainder of the tumnel investlgatlions were conducted with the
spray system at the 48-foot mixing-distance location.

The general procedure followed in the Investigetion was to stabi-
lize 811 model and tunnel conditions and to record all appropriate
data before spplying heat to the model and before introducing water
into the air stream. Heat was then applied to the model and a com~
plete record of data was teken upon stebilization of the model tem-
peratures. The water sprays were then turned on and data were reeorded
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after all conditions and model temperatures had stebilized. The tunnel
airspeed and tempersture were mainteined comstant during each econdi-
tion. Frequent checks of the spray cloud were made during the icing
reriod by introducing the 1/8 inch cylinder of the rotating multi-
cylinder assembly into the cloud and comparing this measurement with
that obtained during the calibration of the spray system. Photographs
of the model and any lce accretions were taken immediately followlng
the investigation of each condition.

The ilcing investigation was divided into two phases: (1) The
heating-power distributions to the test strips were adjusted to
approximate closely those employed in the flight investigations and
studies were made at operating snd icing conditions similasr to those
encountered in flight; (2) the heating-power distributions were read~
Justed to produce uniform surface temperatures both in clear alr and
in simulated icing.

The degree of surface wetness of the test strip was determined in
the tunnel at above freezing air temperatures by wrapping a sheet of
acetate film, which had a water-sensitive coating, around the leading
edge of the unhested airfoll; e permanent record of the water impinge-
ment and runback on the model surface was thus cbtained. Filim was
used because 1t is less absorbent then paper; therefore, the flow
conditions on the metel skin could be more closely approximated.

METHOD OF ANALYSIS AND CALCULATION
The analysis used in this Investigation is egpentially the same
as that presented in reference 3. The equation for heat transfer
from & heated-airfoll surfsce during an icing condition, which is
presented in reference 3, may be written
=q, +q, +q, (1)
(All symbols are defined in the appendix.) If the expressions for

component heat losses are substituted in equation (1), the total heat
loss becomes -

q =M, [t - (bt )] + h,(t s=tg, W) +h (X-l) (tg-t, ) (2)

¥
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The term Aby 1g the kinetic temperature rise of the impinging water
and can be expressed by

At = e
tw B ZchP}w

where Cp,w is the specific heat of water at constant pressure, equa.l

t0 1.0 Btu per pound per °F. This tempersture rise amounts to less
than 2° F for speeds less than 200 miles per hour and is neglected in
this anslysis. The surface~datum temperature in clear air 'ba,d is

defined as

2 2 '
ta,a = to + 58—,‘;35 {l - (%) (l-NPrn] (4)

The equation for surface-datum tempersture 1n webt air (reference 2)

mey be written

ta,w = T * Zgg'ip [l '<g)2 ( Npr )] - 0.622 & (a Tel) (5)

The evaporation factor X gilven by Hardy in reference 5 1s written

X o1l _g(%'%,w) 0.622 (6)
cp t_ -t Py

This expression is gpplicable only in that region in which the surface
is fully wetted. For the region in which the surface is not fully
wetted, the evaporative term must be modified by the factor K %o
account for this partisl wetness; therefore,

de = heK(X-1) (ts'ta,w) (1)
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Thus, the equations for the externsal heat transfer from the ailr-
foll surface for the conditions of clear air and in & cloud, respec-
tively, are

94 = hc(ts’ta,d) (8)

and

oy = Mg (bg=tg) + ho(tg-ty o) [14K(x-1)] (9)

In this report, equations (8) and (9) were solved for the convective
heat-trensfer coefficient h,, which is then used as a basis of cor-
reletion and comparison of the tunnel and flight investigatlons. The
unit rate of heat flow q from the surface was determined from the
measured heat wvalues gpplied to-each element minus the internal heat
loss obtalned from the measured temperatures undernesth the heating
elements. Measured surface temperatures were used for the term tg.

The weight rate of water-droplet irpingement per unit ares Mg,
was computed from the measured values of liquid-wabter content, droplet
slze, velocity, temperature, and pressure using the eomputed trajec-~
tories for a symmetrical, l2-percent=thick Joukowski airfoil as glven -
in reference 3. No water-droplet collection efficiencies were avail-
able for the NACA 65,2-016 section and hence the values from the
Joukowski trajeéctories were used as the most applicable of those
avallable,

The free-stream static air temperature 1t was determined for
the tunnel data from the messured surface~datum temperatures in clear
air tg,q and equation (4) and was checked by measurements of the

tunnel totel temperature using the relation .

vz

The results agreed within the limits of accuracy of temperature mea-
surements. - oo

For comparison, the following analytical expressions for the con-
vective heat-transfer coefficient given in reference 6 were used:

SLT2
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For flat-~plate laminar flow

Bes 1/3 0.5
Mgy = =~ = 0.332 Np / NRe,s (11)

For flat-plate turbulent flow

hes -
—_ 1/3 0.8
My = X = 0.0296 Np,. / NRe,s

(12)

In addition, the expression for convective heat transfer from a
flat plate with a laminar boundary, in which a more exact account is
taken of the pressure gradient, is given by

1/5" 0.5 | "
Nyu = Fy Npp / VRe,s (13)

where F; 1s a correlation factor that is a function of the Euler num-

['sj' %)’ and Prandtl number. The relations between Fy,

ber, m (m =
m, and Np, are obtained by use of equations given in reference 7.

RESULTS

The operating and icing conditions for the flight and the icing-
research~tunnel investigations are presented in teble I. The first five
conditions listed in table I of this report are those of specifie
flights teken from reference 3, which are used for comparing the heat
transfer from an airfoil in natural and in simulated icing. Conditions
6 through 9! are from lecing-research-tunnel investigations in which the
flight heating distributions were employed. Conditions 10, 11t, 12!,
13', and 14! are tunnel investigations in which the heating distribu-
tion was adjusted to provide a uniform surface temperature.

Velocity Distribution
The veloclty distribution for an angle of attack of 0° as measured

in flight and in the icing-research tunnel is shown in figure 4. Good
correlation of the tunnel values corrected for tunnel effects wilith the
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theoretical velocity distributicms was obtained. The uncorrected
values, however, were used in the heat~transfer calculations as repre-
senting the true local veloeity over the eirfoll surface during the -
tunnel Investigations.

Surface-Detum Tempersature

For the flight tests, the experimental surface-datum temperatures
are not reported. In the lcing-research tunnel, the surface-datum tem~
peratures were measured in clear alyr for each opersting condition. A
comparison of the surface-datum temperatures measured in the icing-
research tunnel in clear alr with the value calculated from equation (4)
is shown in figure 5 for condition 10'. The measured temperatures vary
as much as 2° F from the calculated values, which is within the accuracy
of measurement.

The datum temperatures in a cloud that is below freezing cannot be
measured directly because of the release of heat by the freezing of the
impinging water. For the flight conditions, the wet-datum temperatures
were coamputed from equation (5) For tunnel conditions, the wet datum
temperatures were calculated by deducting the temperature depression
caused by evaporstion from an average of the measured clear-air surface~
datum temperstures. '

Impingement and Evaporation

Records of the impingement and the water flow over the airfoil
surface—were cbtained by placing a water-sensitive material on the’ for-
ward portion of the alrfoil model. Typlcal records of this type are
shown_in figure 6. The results obtained in the tunnel and in flight
were substantlally the same. The solid areas on the records of fig-
ure 6 are the regions of direct water lmpingement in which the surface
was fully wetted. Downstream of the 1limit of direct impingement the
water bresks Into individusl streasms or rivulets that tend to decrease
in size and number. The welght rate of water impingement for one side
of the airfoil model in pounds per hour per foot spen and the limits
of impingement were calculated for each condition by use of the water-
droplet trajectories for a symmetricael, lZ2-percent=thick Joukowski
airfoil. The results of these calculations are given in table II.

2175
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In the partly wetted area downstream of direct impingement, the
rate of evaporation per unit area is less than in the fully wetted
ares. In the sbesence of detailed knowledge of the evaporation process
in this pertly wetted area, the full evaporation rate was decreassed by
a factor equal to the percentage of the total surface area that is
actually wetted. From the £flight and the tunnel records of impingement
and runback as shown in figure 6, the actusl area wetted by the runback
rivulets was measured at various surface distances downstream of the
limits of impingement. The results of these measurements are shown
in figure 7. The wetness factor K decreases sharply from a value of
1 at the 1limit of impingement to a mean value of approximately 25 per-
cent l-inch downstream of the impingement 1limit and decreases. slowly
thereafter. The tunnel and flight measurements show agreement, which
indicates that the flow process is substantially the same. Within
the range of conditions investigated, no significant variation of the
wetness factor with limit of impingement was noted. The actual degree
of wetness probably does not follow a smooth curve. Although figure 6
reveals that several of the rivulets either stop or merge rather
abruptly, in the heat-transfer calculations of this report the wetness
factor was regarded as continuously decreasing with distence as indi-
cated in figure 7. Further refinement does not appear warranted from
the data end lack of information regerding the eveporatlion proecess 1n
this runback areas. The calculated rates of evaporation and the limits
of runback for each of the f£flight and the tunnel icing conditlons are
presented in table II.

Effect of Tunnel and Sprsy Sysfem in Clear Alr

The initisl heat~transfer measurements in the icing tunnel were
made 1n clear air in order to determine the effect of the tunnel and
the inoperative spray system on the convective heat-transfer coeffi-
cient, The results of these measurements are given in figure 8, which
presents the heat flow from the surface, the heated and unheated sur-
face temperatures, and the convective heat-transfer coefficient. The
heat distribution used was experimentally determined as that pro-
ducing an approximately uniform surface temperature.

When the spray system was not in the tunnel (fig. 8), raising the
tunnel true alrspeed from 138 to 194 mliles per hour had no measurable
effect on the location of the minimm convective heat-transfer coeffi-
clent, which remained at sbout 8-percent chord, whereas the location
of the maximum coefficient moved forwerd from approximately 28- to
24~-percent chord. , ' .
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The tunnel results, that were obtained.in clear air, are also
presented in the conventional nondimeneionsl Nusselt form in fig-
ure 9(a). The flight results in clear air (condition 5') are similarly
presented for comparison in figure 9(b). In addition to the experi-
mentel data, the analytical expressions for the flat plate have been
plotted in these figures. In flight in clear air (fig. 9(b)), laminar
transfer is obtained over a considerable portion of the agirfoll with
good correlation occurring between the experimental data and the flat-
plate laminar expression, in which the Euler parameter (equation (13))
is used. Transition started at a local Reynolds number NRe 5 of
approximately 2.3x108, The sharp transition resulted in full turbulent
transfer being cbtained at a local Reynolds ‘pumber of approximately
3X106, Good correlstion with the turbulent analytical curves was
cbtained., The first few points in the turbulent region are believed
to be above the anslytical curve because . of unaccounted for conduction
effects inside the airfoil heater inasmuch as a sudden increase in the )
power occurred at this point. =~ - - - C—

GUTR |

All the tumnel date obtained in clesr air with the spray system
removed from the sir stream (conditions 12! and 13') are presented in -
a Nusselt 'plot in figure 9(a). In the region of 2X10°<Np, o<1.1X106, »

the experimental dats lie considerably above but approximately perallel
to the analytical laminsr curves. These results, which hereinafter
will be referred to as "semilaminer heat transfer," are approximately
40 and 65 percent higher than those indicated by equations (13)

and (ll), respectively. This effect masy possibly be caused by the
turbulence level of the tumnel. No honeycaribs aor screens were employed
to reduce the tunnel turbulence, which is believed caused in large
megsure by the tunnel refrigeratiom colls located just upstresm of

the first cormer forward of the test section. In figure 9(3), transi-
tion starts at a local Reynolds number of approximately 1. 1X106. The
date of figure S(b) gshow some evidence of instability occurring at
approximetely this local Reynolds number. Trensition in the tunnel
took place more gradually then in flight, with full turbulence reached —_
et a local Reynolds number of approximately 3. 5%10°., As in the case

of laminar transfer, the tumnel turbulent heat transfer is larger than

the snalytical value. This difference of approximaetely 30 percent ls

again probably caused by turbulence in the tunnel. The two conditions

shown in figure 9(a) differ by 56 miles per hour but no change in the

local Reynolds number of transition is apparent.

In an effort to obtain s sultable spray cloud in the test section
of the. icing-resesrch tunnel, the spray system was Installed at two
positions in the tunnel air stream (22 and 48 ft upstream of the model) . -
These two positions gave different amounts of stream turbulence and
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therefore measurements of the heat transfer from the airfoll model were
made gt each position with the spray system inoperative. The Nusselt
plote of the results for these conditions are given in figure S(c).

The data in the laminer region again lie above the theoretical curves.
Transition begine at a loecal Reynolds number of approximately 5XL0°
and 9X10° for the 22 and 48 foot positions, respectively. These values
of local Reynolds number correspond to chord distances of 4 and 12 per-
cent, respectively. The transition curve is slightly steeper for the
48-foot positlion with the full furbulent value being attained at a
local Reynolds number of 2.5X10° &s compared with a value of 1.3x10°8

at the 22-foot position of the spray system.

All the faired curves for the icing-research tumnnel and the flight
clear~air Investigatlions employing a uniform surface temperature are
compared in figure 10. The tunnel semilaminer date all fall very
close together., The effect of increasing the turbulence level of the
tunnel was to cause initiation of transition at a smaller Reynolds
nunber.

Tunnel Simulations of Flight Icing

The investigations in the icing-research tunnel, in which heat
distributions similar to those used in flight were employed, were made
at approximately the same true airspeed and free-stresm sir tempera-
tures encountered in flight, but because the icing-researeh tunnel is
an atmospheric tunnel, it was impossible to simulate the f£light
pressure-altitudes resulting in slightly larger Reynolds numbers for
the tunnel data. Because the rate and the distribution of water '
impingement is primarily dependent on velocity, the tunnel true air-
speed was set to simulate flight velocity in order to approach the
same Ilmpingement.

Typical results of the icing-research tunnel similations of flight
heating distribution and operating conditions for both clear air and
icing are given in figure 11, (conditions 8 and 8!). The most impor-
tant result shown in figure 11 is the large heated-surface temperature
gradient resulting from the use in the turbulent tunnel alr stream of
& hesat distribution designed to obtain uniform surface temperatures
in clear-air flight. The pronounced effect of the impinging water and
evaporation on the heated-surface temperatures 1s also gpparent par-~ -
ticularly near the leading edge.
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The results of icing tunnel simulations of flight In clear ailr and
in icing are given in Nusselt correlstion form in figure 12 (condi-
tions 6 to 9'). ILack of sufficient and asccurate data in the extreme
leading-edge region precluded the falring of the curves at-values of
NRe,s 1ess than epproximately 2.5XL0°. In. general, the results in
clear air (fig. 12) are quite similar to those shown in figure 9(c).
Prior to transition, the clear-air results of figure 12 follow a curve
having the same slope as the theoretical laminar curve, but with
values of Nusselt number that are considerably larger. These seml-
laminar curves for the clear-alr results of figure 12 are slightly
lower then the corresponding results of condition 11t (fig. 9(c)),
which were cbtained with the spray system in the same position but at
a greater true ailrspeed and with a unlform surface temperature. In -
figure 12, the faired curves in the reglon of semilaminar transfer are
in agreement with the variastion for the four conditions (6', 7', 8!,
and 9', teble I), being spproximstely +7 percent, which is within the
scatter of the data. The slopes of the ¢lear-air transition curves of
figure 12 are less than those of figure 9(c). This effect appears to
be the result of the combination of differences in airspeed and sur-
face temperature. TFollowing traneition, fully turbulent heat transfer
is obtained at a local Reynolds number of.approximestely 4x106 in each
condition. The sharp peak at a local Reynolds number of epproximately
5x10 and the gsubsequent increased turbulent values are attributed in
part to the sudden increase in temperature and heat input at this point.

The results shown in figure 12 far simulated icing (conditioms 6,
7, 8, and 9) were obtained by keeping all tunnel conditions the same as
for clesr alr and exposing the airfoil model to the icing cloud. The
icing and the clear~air curves are somewhat similar in shape although
much greater differences in the value of the Nusselts-nunber parameter
between the various conditions are spparent and transition in every
case occurs at a lower local Reynolds nunmber in the icing condition.
Because of the limited data, it is impossible to correlate fully the
results with the icing verisbles of rate of impingement, limit of
impingement, amount evaporated in the impingement area, and amount of
water running back. In icing as in clear air, no true laminar heat
"~ tranefer is obtained. With the exception of condition 8, transition
started at a local Reynolds mumber of less than 3X10°. In calculating
the results for conditions 7 and 9, it was found thal partial wetness
occurred before the calculated limit of impingement. This result 1s
attributed to errors in the wetness factor assumed and to the fact
that the actusl effective limit of impingement is smeller than that
calculated by the availsble trajectories for a symmetrical, l2-percent-
thick Joukowski airfoll. The presence of ice and 1ts location on the
surface also have an sppreciable effect on the transition curve as
shown by a comparison of the icing results of figures 12(a) and 12(c),
which are conditions having approximately the same calculated rate of

ryere



SiTe

NACA TN 2480 13

water impingement and limit of impingement. Ice on the surface and the
nature of the heat distribution also complicate the determination of
the point of full turbulent heat transfer. As in the case of clesr-sir
results with the flight heat distribution, the data show & sharp peak
at a local Reynolds number of approximstely 5X106 » which corresponds
to the position at which & sharp increase occurs in power input to the
heater.

Photographs of ice that formed on the airfoil surface are shown
in figure 13. These ice farmations were the result of the combination
of the free~stream alr tempersture, the cooling because of evaporation,
and the forward movement of trensition causing the surface temperature
to fall below 32° F.

Flight Results

The results of the flight investigation reported in reference 3 o
are presented In the Nusselt correlation form In figure 14, Curves of
estimated Nusselt parameter corresponding to a fully wetted surface
(K = 1.0) and a completely dry surface (K = 0) are shown for compari-
son. For & completely webtted surface, the value of X based on the
meagsured surface temperatures was used in the solution of equation (9) .
If the surface is assumed to be completely dry, the evaporative term
diseppears from the equation. All the experimental results using the
partial wetness factor of figure 7 should lie between these two limit-
ing curves. The data points should also lie on the lower curve in the ;
region of direct impingement where the surface is fully wetted and . T
then graduslly spproach the upper curve as the water is evaporated.
The scatter of the date and the shape of the faired Nusselt curve thus
give an indication of the accuracy of the original assumptions as to
the wetness factor X Dased on the runback messurements of figure 7.
These £light results show certain differences from those obtained in
the lcing-research tunnel under a simllar chordwlise heat distribution.
The %reatest variation is in the region of a local Reynolds number of Ll
6X10°. For two of the four conditlons reported, full leminar transfer
is attained up to a local Reynolds number of 4X10° with good correla-
tion with equation (13) resulting. No laminar transfer was obtained
for condition 3, (fig. 14(c)); this condition had the limit of impinge-
ment nearest the leading edge.

Comparison of the flight results indicates an almost direct rela-
tion between the limit of impingement and the extent of laminar flow.
Beyond the laminar region, the experimental curves rise sbruptly
‘and for the rest of the transition region resemble the tunnel results

1
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fairly closely. The shape. of the curves in the transition region is
probaebly caused by surface temperatures, heat gradients, and inaccurate
assumptions as to the rate and extent of water impingement and the
partial wetness factor. Obtaining a smooth transition curve with no
reversal requires that the wetness factor change by a factor of 3 to

4 times that used and would result in the surface becoming dry at
local Reynolds numbers of 108 or less. This effect is not gupported
by observations and would require the calculated rate of water impinge-
ment to be in error by a factor of 1.4 to l.7. Such variations appear,
however, to be unreasonable and it is believed that the data of flg-
ure 14 represent the transition occurring in flight. The steep rise
at the beginning of transition for the f£flight results is attributed to-
the breaking up of the water film into rivulets and the resultant par-
tial evaporation. This effect is more pronounced in flight date than
in tunnel data because of the superimposition of the tummel-stream
turbulence. The reversal in the curve is probsbly caused in part by
the negative surface~temperature gradients, which would tend to delay
the transition to full turbulent transfer. An exact evaluation of
these effects cannot be made in place of measurements of the tempera-
ture profiles and retes of evaporation by means of boundary-leyer
studies. The sharp peak near the completion of transition obtained

in the icing-resesrch~tunnel studles was also obtained in £flight
although 1t dild not rise as high above the analytical turbulent curve.

Additlional Tunnel Results

In addition to the tunnel investigation in which the flight heat
distribution was used, studies were made with heat dlstributions that
gave uniform surface temperatures in clear air and slso in simulated
icing. The results obtained with a wniform surface temperature in
clear air in the icing~research tunnel have already been presented in
figure 9(c). The thermsl date obtained with this same heat distri-
bution during icing in the tumnel are given for condition 11t in
figure 15. The original surface temperature, which was approximately
70° F in clear alr, was sharply reduced in the first 20 percent of
chord and & minimum temperature of 25° F was obtained, which resulted
in ice formations. Photographs of these ice formations are shown in
figure 16, The heat-transfer results are presented in the Nusselt - - -
correlation form in figure 17(a) together with a comparison with the
clear-air curve. A marked forwsrd movement of transition resulted
from operation in icing with the actuasl transition beginning at
approximately 2 percent of chord (fig. 15). The turbulent curve down-
stream of the ice formation follows the slope of the theoretical tur-
bulent curve from equation (12), but is approximately 18 percent higher
than the curve obtained in clear air at the same condition.

SL12
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The alrfoll model was also opersted with the heat distribution
modified to produce a uniform surface temperature during an icing con-
dition. The operating conditions were held approximstely constant with
the exception of the liquid-water content, which was increased to
insure thet the entire heated surface would be wet, The surface tem-
perature was lowered to a umiform value slightly sbove freezing (35° F)
to minimize the effects of evaporation. These results (condition 10)
together with those cbtained with the same heat distribution in clear
air (condition 10!') are given in figure 17(b). These icing results
correlate closely with those of condition 11 (fig. '17(8.)). The clear-
alr results of figure l7(b) are similar to those cbtalned using the
flight heet distribution in clear alr in the ilcing tunnel and are
charscterized by a region of semllaminsr transfer up to a local Reynolds
mmber of approximately 7X10° followed by & very gradual transition.

A comparison of the tunnel results for conditions 10, 10', 11,
and 11' for both clear eir and lecing is presented in figure 18. The
effects of the surfacé-tempersture distribution in changing the point
of initiation and rate of transition are shown to he relatively minor
as compared with the difference between clear air and icing. A1l the
experimental turbulent values agree with each other within epproxi-
mately 15 percent, but average ebout 30 percent larger -than the theo-
retical values from equatiom (12).

Comparison of Tunnel and Flight Results

A comparison of the tunnel and flight results is shown in fig-
ure 19 for leing conditions 1 and 8. These conditions had approxi-
mately the same true airspeed, free-stream temperature, end limit of
impingement; the same flight heat distribution that resulted in non-
uniform surface temperstures in icing was used for both, No compari-
son is made for the case of uniform surface temperatures in lecing
inssmuch es such results were not cbtalned in the flight investigation.
The greatest discrepancy between the tunnel and flight results of fig-
ure 19 occurs in the laminar region at & local Reynolds number of
3X10° and in the turbulent region at a local Reynolds number of 3x106
where large peaks for both flight and tunnel result from sudden
inereases in heat input at this region. In the transition region, a
better comparison is obtained; the tunnel results are approximately S
to 30 percent higher than the flight results. The datae for these two
conditions (figs. 14(a) and 12(c)) show a scatter of approximately
15 percent during transition. In the turbulent region, the results
agree within 10 percent except for the large peaks caused by the dis-
continuity of the hest distribution.
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The requirements of a thermal ice-protection system based upon
the tunnel results will be conservative as shown by a consideration of
equation (9). The convective hest-transfer coefficlents obtained in -
the lecing tunnel are conslstently higher than those obtained in flight,
The amount by which the heat requlrements sre conservative cammot be
evaluated directly, being dependent on the specific conditions of
interest, principally the surface temperature, rate of heating, free-
stream alr temperature and velocity, and the type of hesting system.
Because of the limitations of this investigatlon, the heat~transfer
relation that exists over a wide range of airspeeds, free-stream and
surface temperatures, rates and types of heating, angles of attack,
and body configurations were not determined. In general, it would
appear that for bodies in which the heated area i1s confined to a small
ares near the leading edge or in whilch transition is delayed conslider-
ably, the tunnel results may give excessive heat requirements. For
bodies in which the heated area is a larger percentage of the total
area or in which transition 1s initiated early, the tunnel requirements
will be only slightly conservative.

SUMMARY OF RESULTS

The results of the investigation of heat transfer from an airfoil
in the icing-research tunnel mey be summsrized as follows:

1. The pattern of the runbaeck rivulets and hence the degree of
surface wetness were substantially the same for both the tunnel and
Plight results. -

2. The inherent turbulence level of the tumnel caused a forwerd
movement of transition from laminar to turbulent heat transfer in
clear air with a semilaminar reglon cbtained at local Reynolds numbers
of less than 108,

3. The impingement of water on the airfoil model In both flight
and in the icing-resesrch tunnel csused a forward movement of transi-
tion. During the flight-icing conditions, only & very small region of
laminar heat transfer resulted; no fully leminar heat transfer wes
obtained in the tunnel-icing investligetions. Transltion in the icing-
research tunnel was initisted at local Reynolds numbers of from less
than 3XL0® to approximstely 106 with full turbulent heat trensfer being
achieveg. at local Reynolds numbers varying from epproximately 8X10°
to 4X10°,
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4, The type of heating and temperature patterns had.measurable L
effects on the heat transfer. '

5. The calculation of heating requirements based on the icing-
research-tunnel convective-heat-transfer results wlll generally result
in conservative values, that is more heat than necessary should be
aveileble to cope with the particular icing situation. The amount by

which the heating requirements are conservative is dependent on the
specific design conditions.

Lewls Flight Propulsion Leboratory
Netional Advisory Committee for Aeronsubics
Cleveland, Ohio, April 6, 1951
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APPENDIX - SYMBOLS

The following synbols are used in this report:

Cp

(]

H O R &4 B @

13
Npr

e

NRe,s

airfoil chord length, £t

specific heat of air at constant pressure, 0.24 Btu/(1b)(°F)
saturation vapor pressure, in. Hg

accelerstion dué to gravity, 32.2 ft/sec®

heat~trensfer coefficient,™tu/(hr)(sq £t)(°F)

mechanical equivelent of heat, 778 ft-1b/Btu

surface area wetted, perecent

thermal conductivity of air, Btu/(hr)(sq £t)(°F)/(ft)

latent heat of veporizaetion of water assumed constant,
1090 Btu/1b -

weight rate of water-droplet impingement per unit of surface
area, 1b/(br)(sq £t)

exponent of Prandtl number' 1/2 for laminer flow; 1/3 for
turbulent flow - '

Nusselt number (h.s/k), dimensionless
Prendtl number (3600 qpu/k), dimensionless

Reynolds number (VoGr/p), dimensionless, based on chord length
and free-stream conditions _

Reynolds number (Ulsr/u), dimensionless, based on surface dis-
tance and local surface conditions

static. pressure, in. Hg

unit rate of heat flow, Btu/(hr)(sq ft)

distance measured chordwise slong airfoll surface from stagna-
tion point, £t

2175
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t temperature, OF _
U locel velocity Just outside boundary layer, ft/ sec
A true ailrspeed, ft/sec

X -Hardy's evaporation coefficient, dimensionless
'y specific weight of ailr, lb/ cu £t

1 | viscosity of air, 1b/(sec)(ft)

Subscripts: |

0 free stream

1 edge of boundary layer

a surface datum with no heating or conduction

e convective heat transfer

da dry or clear air

e evaporative heat transfer

m sensible hegt transfer

8 ailrfoll surface

T total or static plus dynamic

W wet alr or cloud

Buperscript:

dry air
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TABLE I - OPERATING CONDITIONS FOR FLIGHT AND ICING-RESEARCH TUNNEL INVESTIGATIONS

OF NACA 65,2-016 ELECTRICATIY HEATED ATRFOLIL MODEL

[Bpray 48 ft upstream of model except when noted;]

Condition | True |Free~ Free-gtream | Liquid- | Mean- Droplet- Remarks
glr- | stream Reynolds water effective | size
gpeed | tempera~| number content | droplet dletri-
(mph) | ture (g/cu m) | dlameter | bution
(oF) (microns)
a1 187 19 9.65 X 106 0.26 13 D Fiight icing, condition 1
ap 158 28 l.24 0.34 18 E Flight licing, condition 2
a3 157 19 11.25 0.44 13 B Flight icing, candltion 3
8y 158 2L 11.29 0.42 19 D Flight icing, condition 5
agr 145 38 9.65 0 - - Flight in clear ailx
6 156 14 13.10 0.7 9 F Tunnel, similation of flight
B! 156 14 135.10 o] Y - Tunnel, simlation of flight
T 168 11 14.25 0.4 1c D Tunnel, simlation of flight
Tt 168 11 14,25 c - - Tunnel, eimulatlian of flight
a 165 21 13.49 0.5 1o E funnel, simuletion of flight
at 165 21 13.49 0 - - Tunnel., simulation of flight
9 159 135 13.40 1.2 10 D Tumel, slmiletlion of £light
9t 158 13 13,40 0 =— - Tumnel, simnletion of £light
10 200 12 15,45 0.9 12 K Tunnel.,, uwmiform surface temperature
10t 200 12 16.45 0 —— - Tunnel, nommiform surface temperature
11 193 9 16.20 0.55 Az E Tumnel, nommiform surface temperature
i 193 9 16.20 o - - Turnel, wmiform surface temperature .
1zt 138 18 11.45 0 - - Tunnel, uniform surface temperature; spray ouf
13t 194 11 .16.08 0 —— - Tunnel, uniform surface tempersture; spray ouf
14t 133 16 11.0 0 - - .Tunnel, uniform surface temperature; spray at

22 feet

“Data from reference 3.
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TABIE II - VAIUES OF CALCULATED WATER-DROPIET IMPINGEMENT OVER IEADING EDGE CF

ELFECTRTCATLY HEATED ATRFOIL MODEL FOR CONDITIONS OF TABIE I

[Based on:water-droplet trajectories for symmetrical,
12-percent-thick Joukowskl airfoil,]

TNHAGR S

Condition |[Calculated rate of |Caleulated Limit |Calculated rate of |Calculated 1imit
water-droplet of water droplet|water eveporated in |of rumback of
impingement per |impingement, s/C|impinged area per |water, s/C
foot of -span for (percent) foot of span for one (percent)
one sglde of slde of alrfoil .
airfoil (1b/(br){ft span))

(/(hr) (£t span))
1 0.3 2.9 c.2 19
2 .85 6.5 3 35
3 « 3D 1.6 R 32
4 .95 5.0 <2 40
6 S 2.9 .2 &g
7 .25 2.0 W1 ajq
8 .5 3.0 .25 32
9 .75 2.0 1 B2
10 2.5 4.0 oLl bb
11 .9 3.6 +15 84
®Runback

ice forms beginning in this region.

GLT2

g3
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C-22779

Figure 1. - Installation of NACA 65,2-016 electrically hested airfoil model in test section
of lcing-tunnel. )
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P

0.006-in. aluminum skin

Plastic impregnated d < Lo a6 Electrical resistance
fabric, 1/64-in. thick 7“\‘\\ ANRNAN N /_heater strip, 1/2 by

S S S
\/

Flgure 2. - Schematic diagram showing construction detalls of test
section of NACA 65,2-016 electrically heated airfoll model. .
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48 feet upstream of model.

Spray system,

25

472-1849
|
i |
il
I
1|"
!
)

Figure 3. - Water epray system snd airfoil model installed in icing~-tunmel.
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Pigure 4. - Velocity distribution over NACA 65,2-018 electricelly heated airfoll

model.

Angle of attack, 0°; average Reynolds number

Nﬁe’

12x106.
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Figure 5. - Comparison of measured with calculated surface-datum temperatures for conditlon 10'.
Icing tunnel clear-air investigstion, spray system 48 feet upstream of NACA 65,2-016
electrically heated airfoil model. Free-stream temperature, 12° F.

08¥%2 NI YOV

L2




Figure 6. -
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{(bp) Icing-tunnel record.
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Typical records of water-droplet impingement and rumback on FACA 65,2~
icing-tunnel.
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Liquid~ Mean- Droplet Welght rate of
water effec~ slze wvater flow
content tive distri- downstream of
(gfcu m) droplet bution impinged area
diameter per foot span
(microns) for one side of
alrfoil
0 Flight 0.35 13 B 0.57
O Flight 12 17 B .35
< Flight .11 15 B .25
A Tunnel 1.3 11 F -8
i o .
f S : 39 9 $ o
VYV
ﬁ
]
2 4 6 8 1 12 4

Surface distance from 1imit of impingement, in.

Flgure 7. - Measured percentage of surface area wetted in runback region for three

flight and one icing tunnel Investigetion on WACA 65,2-016 alrfoil model.
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Figure 8. - Thermal data obtained in clear alr in tunnel. Tunnel heating dlstribution
on NACA 65,2-016 electrioally heated airfoll model; spray system removed from
tunmme
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Figure 8'. - Concluded. Thermal data obtained in clear air in tunnel. Tunnel heating

distributlon on NACA 65,2-016 electrically heated alrfoll model; spray system removed
from tummel.
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Condition True Side of .
alrspeed airfoil . B
~ (mph) _ o5
o 12’ 138 Left %
10% o 12' 138 Right //
. . - Q
Q 1:5: 194 Left o S
=} 13 194 Right P
- A
) / ’Q/
Q
]
/ g _
v /Z
, A 9/
¢ a
,/ B
/ .
Equation (12)--| ,
103 : A ofs
7
'...9 Ja Equation (13
/n
//
W {/q ~Equation (11)
O { D _ ; /
/ EL Lo g L °
—~ o // .7
4 1T L~ -
| L . pd
. - L~
/ ) A
//
102 T A
10° 108 107
NRe,s

(2) Conditions 12'and 13\

Figure 9. - Correlation of heat-transfer date. Heating distribution resulting
in uniform surface temperatures.
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-(b) Condition 5.
Figure 9. - Contipued. Correlation of heat-transfer data. Heating distribution

resulting in uniform surface temperatures.
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Figure 11. - Thermal data obtained in clear air and in icing in icing-research
turnel. Simulation of flight heating distribution. Spray system 48 feet upstream
of NACA 65,2016 eleotrically heated airfoll model. Conditions 8 and 8°'.
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Figure 12, - Correlation of heat-transfer data obtained in clear air
and in lecing in icing-research tunnel. Simulation of flight heat=

ing distribution resulting in nonuniform surface temperature; spray
system 48 feet upstream of model,
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Figure 12. - Continued. Correlation of heat-transfer data obtained
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Flgure ‘12. - Continued. Correlation of heat-transfer data obtained
in clear air and in icing in icing-research tunnel. Simulation of
flight heating distribution resulting in nonuniform surface tem-
peratures; spray system 48 feet upstream of model.
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Figure 12. - Concluded. Correlatlon of heat-transfer data obtalned
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Figure 15. - Ice formations on BACA 65,2-0156 electrically heatsd airfoil model in icing-tummel.
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Convective

oy

T T T T L T T T T L [
—————— Heat flow from surface W
4800w 80— Surface temperature in ciqud
Convective heat-transfer coefficient
o l JI
Limit of o
— impingement ] Q
= @ \ O ———C-0—
ot E Ice"l |“Ice" 0
o o \X
A 2
5200
g g 5 pcf Q d
m + \
- aQ
o 0 4 N
e a })\ go \Od
120 - Sed00- 3 l
4+ q’:: 1
[ :
&= |5 , ‘?
48  sof- faso0- = £
=1 4 1R
o o \ /
. - /‘O \ .Jr "]_ 7 & \0
o o —d 3
32 i A g WO@%WMMLQ
g3 40~ m 800 S
82 oF | R
P .
g
£
ol ol  -20
20 10 0 10 20 30 40 50
Distance along surface, 8/C, percent
Flgure 15. -~ Thermal data obtalned in leing in icing-research tunnel. Tunnel
heating distribution resulting in unlform surface temperatures in clear air;
spray system 48 feet upstream of NACA 65,2-016 electrically heated alrfoll
model; condition 11', :
L [ ] & n

! N _ o . A I erTz

0B¥2 NI VOVN



2175

NACA TN 2480
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Figure 16. - Ice formations on NACA 65,2-016 electrically heated airfoil model
in icing-tunnel. Condition 11.
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